Abstract-The return stroke current in the case of a lightning strike on a tall structure is affected by different tower and channel parameters such as the velocity of the return stroke current, the height of the observation point along the structure, the lightning channel and the reflection coefficients at the top and bottom of the structure. This paper will consider all these factors in the behaviour of the return stroke. The current wave shapes at different heights along tower and channel were modeled and the simulated current at tower top was compared to the corresponding measured current. Moreover, the effects of reflection factors and other important parameters on the values of current peak were considered and the results were discussed accordingly.
I. INTRODUCTION
Lightning is a significant problem for tall structures such as telecommunication towers and wind turbines [1] . There are two ways for lightning to disturb the structure itself and also the equipment within the structure which are a direct strike or an indirect strike. The direct strike situation is when the lightning strikes the structure directly or it strikes directly on an overhead line connected to the structure. The indirect strike occurs when the lightning strikes near the structure and creates electromagnetic fields which produce induced voltages on the equipment [1, 2] . Protection of tall structures in the case of wind turbines, telecommunications towers or transmission towers is an important issue as they face high exposure to the possibility of a direct strike from lightning due to their location and height. The lightning current should be grounded safely when it strikes directly on tall structures as otherwise it can damage or cause burnout of the structure itself or the equipment connected to the structure [3, 4] . Direct strikes also resulting in induced overvoltage on nearby object of the structure structed by lightning. An appropriate protection and an adequate level of protection can be installed for a tall structure by evaluation of the characteristics and behaviour of the return stroke current wave shape, as it is the most powerful aspect of the lightning and the root cause for the most of the damage. This current wave shape is dependent on the reflection factor at the bottom and top of the tower as the reflection current will be added to the original lightning current which results in a high total current [3, 5] . This is the strength of this paper which a proper protection can be design based on this characters of lightning. Therefore, the evaluation of the return stroke current wave shape including the effect of the reflection factor due to a direct strike of lightning on a tall structure will be the focus of this paper. The assumptions are listed below:
1. The lightning strikes directly on the tower. 2. The lightning channel is straight and vertical with its origin at the top of the tower. 3. Only the return stroke current is considered.
II. LIGHTNING CURRENT
The return stroke current wave shape is the most important part to be analysed beginning at the channel base. There are various models to evaluate the return stroke current at the channel base. This paper will consider the Heidler model modified by Diendorfer and Uman which is expressed by Equation (1) and typical values for the equation are tabulated in Table I where i 01 and i 02 are the channel base current amplitude, 11 and 12 are the front time constants, 21 and 22 are the decay-time constants, n 1 and n 2 are the exponent(2~10), and 1 and 2 are the amplitude correction factors. 
A frequently used return stroke model is the engineering return stroke current model [6] [7] [8] which is defined by Equation (2) and Equation (3) for a current along a lightning channel and the current along a structure [2, 9, 10]. The modified transmission line exponential decay model (MTLE) is chosen for this study as P(z')=exp(-z'/ ) and v=v f [2, 11] .
In Equation (2) and Equation (3), t and g are the top and bottom reflection coefficients, respectively. The term h is the structure height, H 0 is the cloud height, z' is the temporary charge height, v is the return stroke current velocity, v f is the upward return stroke front velocity, P(z'-h) is the heightindependent attenuation factor related to P(z') and i 0 (h,t) is the return stroke at the channel base.
The geometry of the case of a tall structure is shown in Figure 1 as a tower of 168 m height is used in this study. The reflection coefficients g and t are assumed to be 0.7 and -0.53 the return stroke current velocity, v=1.5x10 8 and =2000[2]. In the case of a lightning strike on a tall structure, the return stroke current propagates upwards at a speed of v along the lightning channel. The propagation of the current along the structure at the speed of light, c, is in the opposite direction to the current along the lightning channel [12] . As the current travels downward along the tower, at the bottom of tower the current will be reflected back as controlled by the bottom tower reflection coefficient as shown in the lattice diagram, Figure 2 . [12] There are two types of reflection coefficient [2], 1. The current reflection coefficient at the top of the tower, t that can be estimated using Equation (4) 2. The current reflection coefficient at the bottom of the tower, g that can be estimated using Equation (5) where z t is the tower impedance z ch is the lightning channel impedance z g is the ground impedance
IV. RESULTS AND DISCUSSION
This study uses the Heidler model modified by Diendorfer and Uman for the channel base current and the MTLE model to simulate the return stroke current. The validation of the result should be undertaken to support this study, for which in this case, the measured current at the top of the tower at a height of 100 m is compared with the simulated current using g =0.9, As a result, a significant waveform difference between the simulated current and the measured current can be seen from Figure 3 even though the measured current is triggered a little bit late and the peak current is higher compared to the simulated current. The simulated current is acceptable as the behaviour of the current is similar to the measured current. The current along the tower is higher at the bottom of the tower and it decreases as the observation point on the tower increases, as shown in Figure 4 . The current is reflected at the ground level, which increases the current at the bottom of the tower. This phenomenon does not have any relation to the speed of the current as the velocity is constant along the tower which is equal to the speed of light in free space, c. The propagation of current along the tower starts at the top of the tower and moves downwards to the bottom of the tower. This can be seen as a current triggered first at the top of the tower and followed by the middle and lastly the bottom of the tower. Figure 5 clearly proves that the return stroke current is moving upward as the occurrence of the return stroke current at z'=400 m occurs before the result for z'=700 m and this is followed by z'=1000 m. There is also some loss of current as it travels along the lightning channel, resulting in a decrease of current. The term z' is set to 1000 m for all cases. Logically, the higher the speed, the faster the current will occur, but amazingly all currents occur at the same time as shown in Figure 6 . When the speed increases, there are reduces losses and consequently the value of the current will be higher. v=1.1e8 v=1.5e8 v=1.9e8
As the bottom current reflection coefficient increases, the peak of the current along the lightning channel also increases as shown in Figure 7 . The higher the value of the bottom current reflection coefficient, then a higher value of current will be reflected. The behaviour of the lightning current is important in the field of lightning protection. Figure 8 and Figure 9 show the behaviour of current peak at the bottom of tower, z'=0 versus changes of the current reflection coefficient. As the top of the tower reflection coefficient value increases from t =-1to t =0with a 0.1 increment, the peak current of the lightning decreases, as proven by Figure 8 . The situation is different when the bottom of the tower reflection coefficient is varied in the range g =0 to g =1. The peak current increases as the bottom of the tower reflection coefficient increases as shown in Figure 9 , due to the original current being added to the reflected current and controlled by the current reflection coefficient [18] . This paper presents an evaluation of the lightning return stroke current along a lightning channel and a tall structure in the case of a lightning strike directly on a tall structure, including the changes in the reflection factor. The current reflection coefficient in a tall tower should not be ignored as it affects the behaviour of the return stroke current and it is important to set an appropriate protection for a tall structure by this evaluation. The peak of the current along a lightning channel and structure is directly proportional to the value of the bottom tower current reflection coefficient, g . The situation is different for the peak current travelling along the lightning channel and the structure which is inversely proportional to the value of the top tower current reflection coefficient, t. The return stroke current behaviour along the structure is also affected by the velocity and height, as it will increase in direct proportion with the velocity and inversely proportionally with the height along the structure. The return stroke current behaviour along the lightning channel is directly proportional to the height along the lightning channel. 
